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We investigated the transverse charge densities in the nucleon in nuclear matter within the frame-
work of the in-medium modified Skyrme model. The medium modification of the nucleon electro-
magnetic form factors are first discussed. The results show that the form factors in nuclear matter
fall off faster than those in free space, as the momentum transfer increases. As a result, the charge
radii of the nucleon become larger, as the nuclear matter density increases. The transverse charge
densities in the nucleon indicate that the size of the nucleon tends to bulge out in nuclear matter.
This salient feature of the swelling is more clearly observed in the neutron case. When the proton
is transversely polarized, the transverse charge densities exhibit the distortion due to the effects of
the magnetization.
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1. It is of utmost importance to understand the struc-
ture of the nucleon in particle and nuclear physics, since
the nucleon consists of the basic building block of matter.
In particular, the nucleon electromagnetic (EM) form fac-
tors are the fundamental issue in that they reveal how the
electric charge and magnetization of the quarks are dis-
tributed inside the nucleon. While the EM form factors
have been studied well over several decades, their under-
standing is still not complete.
Recently, a series of new measurements of the EM form
factors has been carried out and has produced the re-
markably precise data [1–8]. These new experimental
results have subsequently intrigued both experimental
and theoretical works (see, for example, the following
reviews [9–11]). The experimental data with high pre-
cision enable one to make a flavor decomposition of the
nucleon EM form factors with isospin and charge sym-
metries taken into account [12, 13]. Moreover, general-
ized parton distributions (GPDs) have unveiled a novel
aspect of the nucleon EM structure: The Fourier trans-
forms of the nucleon EM form factors in the transverse
plane, as viewed from a light front frame moving towards
a nucleon, paint a tomographic picture of how the charge
densities of quarks are distributed [14, 15] transversely.
These transverse charge densities of the quarks inside a
nucleon have been already investigated for the unpolar-
ized [16] and transversely polarized [17] nucleons.
It is of equal importance to examine how the EM
structure of the nucleon is changed in nuclear matter.
Studying the EM form factors of the nucleon in medium
provides a new aspect on EM properties of the nucleon
modified in nuclei. In fact, the first experimental study
of deeply virtual Compton scattering on (gaseous) nu-
clear targets (H, He, N, Ne, Kr, Xe) was reported in [18].
While uncertainties of the first measurement are so large
that one is not able to observe nuclear modifications
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of the nucleon structure, Future experiments will bring
about more information on medium modifications of the
EM properties of the nucleon.
In the present work, we want to investigate the nu-
cleon EM form factors and the transverse charge densi-
ties of quarks inside a nucleon in nuclear matter within
the framework of an in-medium modified Skyrme model.
The Skyrme model has certain virtues: it is simple but
respects chiral symmetry and its spontaneous symmetry
breaking. Moreover, one can easily extend it to the study
of nuclear matter, based on modifications of the pion
in medium [19, 20]. The energy-momentum tensor form
factors of the nucleon, which are yet another fundamen-
tal form factors that are related to the generalized EM
form factors, have been investigated in nuclear matter
within this framework [21]. The results have explained
certain interesting features of the modifications of the
nucleon in nuclear matter such as the pressure and an-
gular momentum. Indeed, we will also show in this work
how the EM properties of the nucleon are changed in nu-
clear matter in a simple manner. We will also see that
the transverse charge densities expose noticeably how the
distribution of quarks undergo changes in the presence of
nuclear medium.
2. We begin with the in-medium modified effective
chiral Lagrangian [20]:
L∗ = F
2
pi
16
Tr
(
∂U
∂t
)(
∂U†
∂t
)
−F
2
pi
16
αp(r)Tr(∇U) · (∇U†)
+
1
32e2γ(r)
Tr[U†∂µU,U†∂νU ]2
+
F 2pim
2
pi
16
αs(r)Tr(U + U
† − 2) , (1)
where Fpi = 108.78 MeV denotes the pion decay constant,
e = 4.85 the Skyrme parameter, and mpi the experimen-
tal value of the pion mass mpi0 = 134.98 MeV. This set
of the parameters reproduce qualitatively well the exper-
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2imental data for the nucleon and ∆-isobar in free space.
The medium functionals, αs, αp and γ, are expressed
as
αs = 1− 4pib0ρ(r)f
m2pi
,
αp = 1− 4pic0ρ(r)
f + g′04pic0ρ(r)
,
γ = exp
(
− γnumρ(r)
1 + γdenρ(r)
)
. (2)
They encode information on how the surrounding en-
vironment influences properties of the single skyrmion.
The parameters αs and αp are related to the correspond-
ing phenomenological S- and P -wave pion-nucleus scat-
tering lengths and volumes, i.e. b0 = −0.024m−1pi and
c0 = 0.06m
−3
pi , respectively, which describe the pion
physics in a nucleus [22]. The last functional γ is pa-
rameterized in the form of an exponential function and
represents the medium modification of the Skyrme pa-
rameter. This simple form with two variational param-
eters γnum = 0.47m
−3
pi and γden = 0.17m
−3
pi reproduce
the correct position of the saturation point of symmetric
nuclear matter [20]. The ρ stands for the density of nu-
clear matter. The g′0 = 0.7 denotes the Lorentz-Lorenz
or correlation parameter and f = 1 + mpi/m
free
N is the
kinematical factor.
Since we consider isospin symmetric infinite nuclear
matter in the present work, the density can be regarded
as a homogeneous and constant one. Thus, we can sim-
ply choose the spherically symmetric “hedgehog” for the
soliton:
U = exp{in · τ F (r)}, (3)
where n denotes the unit radial vector in coordinate
space and τ the usual Pauli isospin matrices.
3. We refer to Ref. [20] for the details of the minimiza-
tion procedure and other useful formulas. In this work,
we concentrate on EM properties of the nucleon.
The nucleon matrix element of the EM current is ex-
pressed in terms of the Dirac and Pauli form factors:
〈N(p′, S′)|JEMµ (0)|N(p, S)〉
= uN (p
′, S′)
[
γµF
∗
1 (q
2) + i
σµνq
ν
2mN
F ∗2 (q
2)
]
uN (p, S),(4)
where the EM current is defined in terms of the baryon
current Bµ and the isovector current J
(3)
µ
JEMµ (0) =
1
2
(Bµ(0) + J
(3)
µ (0)). (5)
The γµ denotes the Dirac matrices and uN (p, S) stands
for the Dirac spinor for the nucleon with mass mN , mo-
mentum p, and the third component of its spin S. The
σµν is the spin operator i[γµ, γν ]/2 and q
2 the square of
the momentum transfer q2 = −Q2 with Q2 > 0. The
asterisk means the form factors in medium. In the Breit
frame, the in-medium modified Sachs EM form factors of
the nucleon are defined as
G∗E(Q
2) =
1
2
∫
d3r eiq·rJEM0 (r) ,
G∗M (Q
2) =
mN
2
∫
d3r eiq·r[r × JEM (r)] , (6)
where J0 and J correspond respectively to the temporal
and spatial components of the properly normalized sum
of the baryonic (topological) current Bµ and the third
component of the isovector (Noether) current V ∗µ .
The isoscalar (S) and isovector EM formfactors are
generically expressed as
GS, V,∗E,M (Q
2) =
∫
d3r eiqr cos θρS, VE,M (r, θ), (7)
where the densities are given as
ρSE(r, θ) = −
F ′ sin2 F
4pi2r2
,
ρSM(r, θ) = −
mN
8pi2λ∗
F ′ sin2 F sin2 θ ,
ρVE(r, θ) =
sin2 F
12λ∗
{
F 2pi +
4
e2γ
(
F 2r +
sin2 F
r2
)}
,
ρVM(r, θ) =
mN
3
{
F 2piαp +
4
e2γ
(
F ′2 +
sin2 F
r2
)}
× sin2 F sin2 θ . (8)
Here, λ∗ stands for the medium-modified moment of iner-
tia of the soliton. Note that because of the modification
of the Skyrme term, all of the electromagnetic charge dis-
tributions except for the isoscalar electric charge depend
explicitly on the medium density. Moreover, the medium
functional αp appears in the expression of the isovector
magnetic density distribution.
The charges of the proton (p) and neutron (n) are de-
fined as(
Qp
Qn
)
:=
∫
d3r
{
ρSE(r, θ)± ρVE(r, θ)
}
, (9)
where density distributions include the prefactor 1/2.
Similarly, the magnetic moments of the nucleon are de-
fined as(
µp
µn
)
:=
∫
d3r
{
ρSM (r, θ)± ρVM (r, θ)
}
. (10)
The corresponding isoscalar and isovector mean square
charge radii are given as
〈r2〉∗I=0 = −
2
pi
∫ ∞
0
F ′ sin2 F r2dr , (11)
〈r2〉∗I=1 =
2pi
3λ∗
∫ ∞
0
[
F 2pi +
4
e2γ
(
F ′2 +
sin2 F
r2
)]
× sin2 Fr4dr .
4. We are now in a position to discuss the results. In
Table I, we list the results of the magnetic moments, the
3isoscalar and isovector charge radii of the nucleon as func-
tions of ρ/ρ0. The electric charge radius of the nucleon is
well reproduced in free space, compared with the experi-
mental data: (0.877±0.005) fm. The results of the proton
ρ/ρ0 µ
∗
p [n.m.] µ
∗
n [n.m.]
√〈r2p〉∗ [fm] 〈r2n〉∗ [fm2]
0.0 1.965 −1.238 0.882 −0.316
0.5 2.134 −1.430 0.926 −0.310
1.0 2.315 −1.634 0.966 −0.304
TABLE I. Magnetic moments, meansquare radii of the nucle-
ons in nuclear matter. Magnetic moments are given in units
of nuclear magnetons (n.m.).
charge radius shows that the size of the proton swells up
in nuclear matter, which is consistent with those of differ-
ent approaches. For example, at normal nuclear matter
density the proton charge radius
√
〈r2p〉∗ is enhanced by
about 10 %. On the other hand, the magnitude of the
neutron charge radius 〈r2n〉∗ is reduced by about 4 %. At
first glance, the size of the neutron seems reduced. In
fact, however, it swells like that of the proton, because
the positive charges of the neutron are distributed in the
inner part of, whereas the negative charges are found in
outer part. When the neutron is in medium, both the
positive and negative charges are broadened, which im-
plies that size of the neutron actually becomes larger in
nuclear matter. This will be explicitly shown later when
we discuss the transverse charge densities of the neutron.
As was known already, the results of the nucleon mag-
netic moments in the Skyrme model turn out to be un-
derestimated. However, since we are mainly interested
in the modification of the nucleon magnetic moments in
nuclear matter, we will concentrate on how the magneti-
zation of the nucleon undergoes changes in medium. The
magnetic moments are even more dramatically changed
due to the additional medium factor αp in the expres-
sion of the magnetic-vector density distribution ρVM . As
a result, the proton magnetic moment is enhanced by
almost about 18 % at normal nuclear matter density ρ0,
whereas the neutron one increases by about 30 %. It indi-
cates that the neutron is changed more sensitively, which
will be shown later again in the neutron transverse charge
densities.
Figure 1 draws the results of the proton and the neu-
tron EM form factors in free space (dashed curve) and
at normal nuclear matter density ρ0 in nuclear matter
(solid curve), respectively. We observe that as the den-
sity increases, the EM form factors fall off in general
faster than those in free space. Similar qualitative results
have been obtained in the framework of the quark meson
coupling (QMC) model [23]. However, the present re-
sults are quantitatively different from those in the QMC
model. For example, compared with the proton electric
form factor at Q2 = 0.3 GeV2 in free space, Gp∗E (Q
2) is
reduced by about 30 % at ρ0, whereas that from the QMC
model decreases only by about 8 % [23]. In the case of
the neutron one Gn∗E (Q
2), it is the other way around.
At Q2 = 0.3 GeV2, the neutron electric form factor is
changed by about 1 % only but in the QMC model brings
it is lessened by about 8 %. However, the neutron electric
form factor falls off faster in nuclear matter than that in
free space (e.g. at Q2 = 1 GeV2 Gn∗E is decreased by
approximately 30%). On the other hand, the present re-
sults are similar to those of Ref. [24]. In general, the
neutron is more likely to be changed in medium.
The modifications of the nucleon magnetic form fac-
tors are also more prominent within the present model
in comparison with the QMC model. At normal nuclear
matter ρ = ρ0 and at Q
2 = 0.3 GeV2 the proton and
neutron magnetic form factors are reduced by about 12 %
and 8,%, respectively, compared to the case of the free
space within our approach, while the QMC model yields
them decreased by 1.5 % and 0.9 %, respectively. Thus,
in general, the present results show stronger medium ef-
fects than those from the QMC model.
It is also of great interest to study the flavor-
decomposed EM form factors, since the experimental
data are now available in free space [12, 13]. We want
to examine how the flavor-decomposed EM form factors
undergo the changes in nuclear matter. Assuming isospin
symmetry in flavor SU(2), we can decompose the nucleon
EM form factors into those of the up and down quarks
as follows [25, 26]:
GuE,M = 2G
p
E,M +G
n
E,M ,
GdE,M = G
p
E,M + 2G
n
E,M . (12)
In Fig. 2, we draw the results of the up and down EM
form factors in free space (dashed curve) and at normal
nuclear matter density (solid curve). In general, the form
factors in nuclear matter tend to fall off faster than those
in free space. The down EM form factors are shown to be
more sensitively affected by the presence of nuclear mat-
ter. Interestingly, the in-medium down magnetic form
factor starts to decrease less than that in free space till
about Q2 ≈ 0.3 GeV2, and then drops off sharply. We
will soon see a similar feature when the transverse charge
densities are considered.
The transverse charge densities of quarks inside a nu-
cleon reveal the modification of the nucleon EM struc-
tures more prominently. In fact, the usual charge
and magnetization densities obtained from the three-
dimensional Fourier transform of the EM form factors
in the Breit framework obscure their physical meaning
because of the Lorentz contraction of the nucleon in its
moving direction [14, 27]. On the other hand, the trans-
verse charge density provides a clear understanding of
how the charge of quarks inside a nucleon are distributed.
We can extend straightforwardly this to nuclear matter.
However, We want to mention a caveat. Since the origi-
nal Skyrme model produces the underestimated magnetic
form factors of the nucleon but explains reasonable Q2
dependence, whereas it yields the overestimated electric
one of the neutron. It causes a difficulty in describing
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FIG. 1. (Color on line) The electric (left panels) and the normalized magnetic (right panels) form factors of the nucleons as
a function of squared momentum transfer Q2. The dashed curve corresponds to the free space case, the solid one in nuclear
matter with the normal nuclear matter density ρ0 = 0.5m
3
pi.
the transverse charge density inside a neutron that de-
pend on both the neutron electric and magnetic form
factors. However, the present aim is at studying how the
EM properties of the nucleon undergo changes in nuclear
matter, so that we will rather use the normalized nucleon
magnetic form factors with the experimental data for the
corresponding magnetic moments as shown in Fig. 1.
When the nucleon is unpolarized, the quark transverse
charge density can be expressed as
ρ∗0(b) =
∫ ∞
0
QdQ
2pi
J0(bQ)
G∗E(Q
2) + τG∗M (Q
2)
1 + τ
, (13)
where τ = Q2/4m2N and J0 is a Bessel function of or-
der zero. Figure 5 depicts the transverse charge densities
inside an unpolarized proton in the upper panel and an
unpolarized neutron in the lower panel. In the left and
right panels, we show those in free space and in nuclear
matter, respectively. The results indicate that the nu-
cleons swell up indeed in nuclear medium. In the cen-
ter of the proton, the positive charge distribution tends
to lessens but it extends in outer directions in nuclear
matter. In the case of the neutron, the medium effects
are more noticeably observed as shown in the lower-right
panel of Fig. 4. Note, however, that the negative charges
are centered as in Ref. [16] but are not as deep as that
of Ref. [16]. The reason lies in the fact that the neu-
tron electric form factor turns out to be overestimated,
as mentioned already.
Assuming that the nucleon is polarized in the xy direc-
tion which can be expressed by the transverse spin opera-
tor of the nucleon S⊥ = cosφS eˆx+sinφS eˆy, we find that
the Pauli form factor contributes to the transverse quark
charge densities inside a transversely polarized nucleon
as follows:
ρ∗T (b) = ρ
∗
0(b)− sin(φb − φS)
×
∫ ∞
0
Q2dQ
4pimN
J1(bQ)
−G∗E(Q2) +G∗M (Q2)
1 + τ
,(14)
where b = b(cosφbeˆx + sinφbeˆy) denotes the position
vector from the center of the nucleon in the transverse
plane. The J0,1 are the Bessel functions of order 0 and 1.
The second term in Eq. (14) makes the transverse charge
densities distorted from the unpolarized one. We choose
the polarization direction of the nucleon along the x axis,
i.e. φS = 0.
In Fig. 5, we draw the transverse charge densities in-
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FIG. 2. The electric (left panels) and normalized magnetic (right panels) form factors of the up (upper panels) and down (lower
panels) quarks inside a nucleon in nuclear matter as a function of squared momentum transfer Q2. Other notations are the
same as in Figure 1.
side polarized nucleons. The density inside the polarized
nucleon is shown to be distorted in the negative by di-
rection. As explained already in Refs. [14, 17], the po-
larization of the nucleon in the x direction induces the
electric dipole moment in the negative y direction, which
is just the relativistice effect. As a result, the strong dis-
tortion arises as shown in Fig. 5. In nuclear matter, the
transverse charge density shows the same tendency but
seems less obvious. This might be due to the fact that
the quark charges decrease in the center of the proton but
extend to the outer region. Hence, the influence of the
proton polarization on the transverse charge densities is
somewhat diminished.
When it comes to the neutron case, the polarization
effects are profound: the negative charges are forced to
move to the negative y, while the positive charges are
found in the positive y. As a result, the transverse charge
densities inside the polarized neutron turn out be very
asymmetric. The same is true in nuclear matter. In
Fig. 5, the profiles of the transverse charge densities are
plotted with bx is fixed to be zero. The effects of nuclear
medium are clearly observed. In general, the transverse
charge densities in nuclear matter are likely to decrease
in the center but extends to the outer directions.
5. The present work aimed at investigating how the
electromagnetic properties of the nucleons were modified
in nuclear matter within the framework of the in-medium
modified Skyrme model. We found that the electromag-
netic form factors of the nucleon fell off faster in nu-
clear matter. The transverse charge densities inside a
proton and a neutron indicate that the nucleon in nu-
clear medium tends to swell up in general. The effects
of the proton polarization are somewhat reduced in nu-
clear matter. Since the positive charges decrease in the
center of the proton but extends to outer directions, the
distortion of the transverse charge distribution is less no-
ticeable. The same features were found in the neutron
case.
The present results are consistent with those of other
models: for example, a soliton model with vector
mesons [24] and the QMC model calculations [23]. The
present investigation may shed light on understanding
the medium modification of the nucleon, which will be
measured experimentally in near future.
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FIG. 3. Quark transverse charge densities inside an unpolarized proton (upper panels) and a neutron (lower panels) in free
space (left panels) and at nuclear matter density ρ0 = 0.5m
3
pi (right panels).
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FIG. 5. Transverse charge densities inside unpolarized and polarized protons with bx fixed to be zero are plotted in the upper-
left and the upper-right panels, respectively. In the lower panels, those inside neutrons are presented with the same notation
as the proton case. The dashed curves draw the results in free space and the solid ones represent those in nuclear matter at
normal nuclear matter density ρ0 = 0.5m
3
pi.
